Plants absorb ammonium and nitrate nitrogen in varying quantities, depending partly on the rate of assimilation2 of either ion in the plant. That certain specific conditions are necessary for the most efficient assimilation of either form of nitrogen has been pointed out (40). Different species vary in the efficiency with which they utilize the nitrate or ammonium ion under a given set of conditions (29). The hypothesis that both ions probably are finally utilized as ammonium, even though external requirements may be different, involves an interesting study, a preliminary report of which has been published (40). A continuation of these studies has established certain relationships affecting the assimilation of nitrate and ammonium nitrogen. Such factors as hydrogen-ion concentration and available carbohydrates have a direct bearing on the assimilatory processes. That these relationships vary with the source of nitrogen, and that the location of the initial assimilatory processes varies with the type of plant, will be pointed out.
Introduction
Plants absorb ammonium and nitrate nitrogen in varying quantities, depending partly on the rate of assimilation2 of either ion in the plant. That certain specific conditions are necessary for the most efficient assimilation of either form of nitrogen has been pointed out (40) . Different species vary in the efficiency with which they utilize the nitrate or ammonium ion under a given set of conditions (29) . The hypothesis that both ions probably are finally utilized as ammonium, even though external requirements may be different, involves an interesting study, a preliminary report of which has been published (40). A continuation of these studies has established certain relationships affecting the assimilation of nitrate and ammonium nitrogen. Such factors as hydrogen-ion concentration and available carbohydrates have a direct bearing on the assimilatory processes. That these relationships vary with the source of nitrogen, and that the location of the initial assimilatory processes varies with the type of plant, will be pointed out.
Experimental methods Tomato and cotton plants, and small 1-year-old Delicious, Stayman, and Baldwin apple trees, all root-grafted, were grown in sand cultures. The nutrient solutions were modifications of one of the ammonium sulphate series recommended by JONES and SHIVE (12) , the compositions of which are shown in table I.
Calcium and sodium salts were used as the source of nitrate, whereas ammonium sulphate, ammonium carbonate, and ammonium hydroxide were used as the sources of ammonium. Details of growing the plants for some of the experiments have been discussed elsewhere (39, 40) .
Experiments were conducted with the tomato (Lycopersicon esculentum Mill.) cotton, and apple (Pyruts mnalus L.) in which the pH of the solutions percolating through the sand was maintained within 0.2 of the initial pH. In these cultures from 10 to 24 liters of nutrient solution, varying with the size of the plants, were supplied to the sand cultures every 24 hours. This was accomplished by running 5 to 12 liters of solution through in 12 hours. The solution after dripping from the cultures was adjusted to the desired pH and used several times. The solutions were changed every third day. Solution lost by evaporation and transpiration was replaced by fresh nutrient solution. The osmotic concentrations varied slightly during the 3-day period that the solutions were used. Because of the large amount of nutrient solution required, the experiments necessarily were limited in scope, but were sufficiently comprehensive to establish the constant pH at which the plants would grow with nitrate and ammonium nitrogen, and supplemented those experiments from which the data have been published (39, 40) .
EXTRACTION OF PLANT TISSUES BY CHEMICAL METHODS.-Two methods were employed in obtaining an extract of ionizable substances from the plant tissue, namely, aqueous extraction of the fresh tissue, and extraction of the fresh tissue by electrodialysis, which separated the anions from the cations into two separate solutions. When time did not permit immediate extraction of the fresh tissue, it was weighed into quart Mason fruit jars, sealed, and stored at -6 to -200 C. until analyzed. The freezing method employed has been found to be satisfactory for this purpose (24) . Handling the tissue in this manner made it possible to harvest an entire series of twenty or more samples and analyze them as time permitted.
EXTRACTION OF PLANT TISSUE BY ELECTRODIALYSIS.-The three-compartment electrodialyzer as employed and described by MATTSON (16) was found satisfactory for obtaining extracts of plant tissue. Cations were removed by a copper cathode and anions were removed by means of a platinum anode. Most of the amino acids, amides, and polypeptide groups were Collected in the cathode chamber. An advantage of this method of extraction was the separation of nitrate nitrogen from the other nitrogenous fractions, thus eliminating nitric acid, which apparently interferes with the analysis of other nitrogenous fractions (39). Electrodialysis also left the more complex proteins in the central chamber. The solution containing the cations was usually clear, but in some cases contained a yellow pigment. The solution containing the anions was clear and usually colorless. Ammonium and other monovalent cations were extracted from the tissue in a very short time, whereas the anions were removed much more slowly. This has been shown by MOORE, REEVES, and HIxON (19) . In the present studies it was found that ammonium ions were almost completely removed in 15 minutes.
The protein content in the tissue remaining in the central chamber was usually slightly lower in the electrodialyzed sample, and the soluble organic and inorganic nitrogen was higher than in the residue of sample extracted with water and coagulated with dilute acetic acid. This was accounted for by difference in the efficiency of the two methods in extracting nitrates and ammonium ions, which will be shown by data to be published later. Amide nitrogen was entirely removed only after carefully spacing the electrodes and removing the dialysate from the cathode chamber at frequent intervals. Amides and amino acids will take on a positive or negative charge, depending on the pH of the solution in which. they are dissolved, and will then tend to move to the pole of opposite charge.: Asparagine figure 2 .
The ammonium-supplied plants were definitely succulent, and had in the upper stem a very active cambium and starch (only in the region near the phloem). In the base of the stem there was still some starch in the pith. The tap root contained starch only in the endodermis. The plants which received nitrate had not become so succulent as the ammonium-supplied series and the cambium was not so active. Starch was distributed more generally throughout the plants with the exception of the tip. The dry matter of the roots and leaves, however, was only slightly higher. The plants of the ammonium series, as compared with those receiving nitrate, were more spreading, owing to softer petioles and slightly larger leaflets which had a tendency to droop more. The internodes, however, were slightly longer in the plants receiving nitrate EXPERIMENT IV.-One-year-old Delicious apple trees were set in nitrogen-free sand and grown with minus-nitrogen solution until all the inorganlic nitrogen in the plants had been assimilated. They made-from 12 to 15 inches of stem growth, the leaves became yellow and eventually abscissed, and the trees become dormant. These dormant trees were divided into two series of twenty each, were supplied daily with nitrate or ammonium solutions (B and D, table I), and were analyzed at intervals to determine the relative rates of assimilation of the two forms of nitrogen in dormant trees. The results have been published (39) but will be referred to in tlle discussion.
EXPERIMENT V.-One-year-old Delicious apple trees were placed in sand cultures and supplied with nutrient solutions containing ammonium sulphate or sodium nitrate at initial pH values ranging from 3.5 to 8.5 (B and C, table I). Ten trees were grown at each pH value. Detailed results have been reported (39), but are summarized graphically in figure 3 .
EXPERIMENT VI.-In order to determine how the results obtained with the tomato in sand cultures would apply to soil conditions, a sandy loam soil was selected with a reaction of pH 4.0. Lime was added to two lots of this soil, so that three series were established; the original, pH 4.0, and the two limed series, 6 .0 and 7.4. Tomato plants high in carbohydrates, with stiff woody stems and small yellowish leaves, were planted in each soil series (twenty plants at each pH) and supplied with nutrient solutions containing sodium nitrate, ammonium sulphate, and ammonium hydroxide re- Tomato, cotton, and apple with ammonium made very slow growth at a constant pH value of 8.0, more rapid at 7.0, and most rapid at 6.0 Nutrient solutions containing nitrogen as ammonium only gave unsatisfactory results unless a constant pH of 5.0 to 6.0 was maintained. Whether trees can assimilate ammonium and make rapid growth depends on the ammonium concentration of the nutrient solution and the carbohydrate reserves in the stem. Perhaps because of the carbohydrate reserves in woody plants, ammonium may be assimilated more rapidly over a wider range of pH values than would be true of herbaceous plants. Fluctuating concentrations of ammonium are also less noticeable in the resultant growth of woody plants because of the greater supply of carbohydrates. Plants supplied with complete nutrient solutions containing nitrogen only as nitrate tended to absorb both cations and anions, so that a residual pH of 6.0 was approximated (40). If the nitrate was substituted by ammonium, however, the residual pH did not come to equilibrium at 6.0, but decreased to pH values as low as 3.8 (40). These residual changes in the nutrient solutions occurred only when plants were assimilating nitrate or ammonium nitrogen rapidly. That plants will assimilate ammonium nitrogen satisfactorily has been demonstrated (40). PIRSCHLE (29) listed a great number of economic plants that make a rapid growth with ammonium nitrogen, and demonstrated that the pH of the nutrient solution had a controlling influence on its assimilation. He found that tobacco produced twice as much total dry matter with ammonium sulphate as with sodium nitrate at pH 6.0, although BEAUMONT et al. (2) state that tobacco does not assimilate ammonium satisfactorily. THOMAS (36) also states that ammonium is not satisfactorily assimilated in tobacco, and DAVIS (7) states that it is not assimilated in the apple; but in all instances the pH of the nutrient solutions may have been at fault, as has been demonstrated (21, 29, 39, 40) . The pH of the nutrient solution, therefore, has directly or indirectly a controlling influence on the assimilation, particularly of the ammonium ion, and somewhat less pronounced of the nitrate ion. (8) and others (25, 26) have found that plants, through the action of a nitrate-reducing material (reducase), oxidize carbohydrates or organic acids, and reduce nitrates to nitrites and ammonium, following which there are synthesized amino acids and other organic nitrogenous material. Reducase activity, however, may be affected by length of day, light intensity, or other external factors (9, 11) , all of which will tend to modify the rate of assimilation of nitrate nitrogen (11) . The utilization of absorbed ammonium by the tomato plants and apple trees in the experiments reported here was apparently rapid, and did not seem to be checked by lack of reducase as may possibly have been the case in the nitrate-supplied plants. This assumption would seem to be supported by the fact that amino acids increased more rapidly and in greater quantities in plants supplied with ammonium than in those supplied with nitrate nitrogen. This is shown by the data in tables II and IV for tomato and in figures 2 and 3 for apple. Likewise in 3 days the ratio of protein to non-protein nitrogen (39) in dormant apple trees changed from 73: 27 to 61: 39 in those supplied with nitrate, and to 56: 44 in the trees of the ammonium series. Accompanying this change there was an 18 per cent. increase in total organic nitrogen in the roots of the trees receiving ammonium. Furthermore the maximum increase in total organic nitrogen in the trees supplied with ammonium occurred in 35 days, as compared with 56 days for the trees supplied with nitrate nitrogen. That a similar condition exists in the tomato is shown in table II and figure 6. Thus the general idea that ammonium is more slowly available than nitrate is not borne out by these experiments, but supports the contention (37) that ammonium may be as quickly available as nitrate nitrogen.
ECKERSON (9, 10, 11) finds that some plants, including the tomato, but especially soy bean, have comparatively weak reducase activity during the short days of winter, and that carbohydrates may accumulate in the presence of abundant nitrate. It would seem, therefore, that with synthesis of organie nitrogen from ammonium there should be more rapid decrease in carbohydrates than with nitrate nitrogen under similar conditions. This is apparently borne out, at least for tomato, by figure 1 a, b . The relatively rapid decrease of starch and reducing sugars in apple roots supplied with ammonium as compared with nitrate nitrogen further emphasizes this assumption (39). BENECKE (3) has suggested a similar relationship.
Observations and microchemical tests of the tomato plants of experiment VII showed definitely that during short days carbohydrates decreased as ammonium concentration increased. Nitrate-supplied plants showed con-siderable starch, however, even at the highest concentration of nitrate nitrogen. Thus it would seem that, in order to obtain a comparable growNth with ammonium and nitrate nitrogen, it is necessary to supply only as nmuch ammonium to a culture as is equal to that made available by the reduction of nitrate in the cells of a plant growing in a nitrate supplied culture. This is supported by data presented by PIRSCHLE3 (29) . He sh1ows that much less ammonium than nitrate nitrogen is necessary for the production of a given amount of growth.
Data by NIGHTINGALE et al. (27) NIGHTINGALE (22) suggests that the fine roots of pear seedlings and blackberry bushes reduce nitrates and synthesize amino acids in the roots. KRAYBILL (14) and THOMAS (35) state that a similar condition exists in the apple. The chemical data on nitrate reduction previously presented (39), and the fact that there were no nitrates found in the stems and leaves of the apple trees, substantiate these observations. ECKERSON, however, found a trace of nitrate in the terminal buds of the 1-year-old apple trees of experiment V. The initial pH of the nutrient solution in which these trees were grown was 8 to 9, a value which was much too high for efficient assimilation of nitrate in tomato (40) and the apple (39). Nitrate may likewise be found in the tops of other plants which usually contain nitrates in the roots only, if growth conditions are unfavorable (25, 26).
An appreciable concentration of ammonium was recovered in the stems and leaves of the apple (39). This may indicate that some ammonium is assimilated in all parts of the tree. This ammonium in the upper part of the tree was probably the result of proteolysis (27) , however, rather than of absorption and translocation. The distribution of ammonium is therefore no proof that ammonium assimilation and the reduction of nitrates are not chiefly root processes except in unusual cases, as has been pointed out. More ammonium was found in the woody stems and leaves of the apple (39) than in the stems and leaves of the tomato (40) when these plants were grown during the summer with ammonium nitrogen.
The data of experiment IV (39) show amino acids to be 0.132 l:er cent. on a green-weight basis in the stem of the ammonium-supplied trees, as compared with only 0.078 in the nitrate series. A similar comparison may be made in the leaves and both may be largely accounted for by translocation of amino acids from the roots (39). There occurred also an increase in dry matter in the roots, resulting from translocation of carbohydrates from the stems; and in view of the fact (39) that ammonium ions are almost immediately synthesized to amino acids in the presence of carbohydrates (3 days), it is probable that the larger part of the elaboration of amino acids from both ammonium and nitrate takes place in the roots. That this also is at least partly true for relatively complex organic nitrofractions is indicated by the increase in humin and "other" nitrogen.
That the nitrate ion does not go beyond the fine roots in the apple may be due to its combination with the protoplasm (ampholytes) in the root hairs. Adsorption is particularly favored when the nutrient solution has a low pH (4.5) value, and less favored in a nutrient solution at a high pH (7.5) value. This may account for the fact that ECKERSON found nitrate in the tops of trees grown in the more alkaline nutrient solution (39).
EFFECTS OF PH OF NUTRIENT MEDIUM ON ELABORATION OF NITROGENOUS FRACTIONS
In figure 3 there are recorded nitrogenous fractions in the roots of apple trees which were supplied with ammonium sulphate or sodiumn nitrate.
These data are taken from previously published tables (39). The greater total amount of elaborated nitrogen in the ammonium as compared with the nitrate-supplied trees is evident. This is probably due to lmlore rapid elaboration because of the greater amount of ammonium available when directly supplied than to that obtained through nitrate reduction. The greatest difference in organic nitrogen occurred when the nutrient solution of both lots of trees was supplied with an initial pH of 6.5. The greatest volume of growth of the ammonium trees, however, occurred at pH 6.5 to 8.5. This increase in total elaborated nitrogen is accounted for by a greater proportion of protein, as well as by an increase in soluble organic nitrogen. Where the volume of growth was largest (at initial pH 7.5), the protein and soluble organic nitrogen fractions are almost equal. The greatest volume of growth in the nitrate plants occurred at pH 4.5 to 5.5, whereas total elaborated nitrogen was highlest at pH 5.5 to 6.5. Although the protein fractions in the ammonium and nitrate-grown trees were more or less the same in total amount, the various determined soluble nitrogenous fractions were much higher in the ammonium-supplied plants. These data are more or less in agreement with those previouslv presented for tomato and soy bean (40).
In the nitrate-supplied trees the effect of pH of the nutrient solution on the soluble organic nitrogen fraction of the plant is negligible except at the extreme pH values. At pH 3.5 and 9.0, at which the plants made comparatively poor growth and slight root injury was apparent, there was an increase in the soluble nitrogen fraction, possibly proteolytic (23). The amount of growth made by the ammonium-supplied trees follows rather generally the curves for soluble organic fractions of nitrogen, providing the data from the trees grown at pH 3.5 and 9.0 are omitted for the reasons indicated.
PRIANISCHNIKOW (30) emphasizes the amide nitrogen fraction in plants, and concludes that asparagine probably is a readily available reserve. He further concludes that it is elaborated when an abundance of ammonium nitrogen becomes suddenly available. MOTHES (20) and NIGHTINGAIE (23), however, show that asparagine likewise increases rapidly in the dark, owing to proteolysis, and decreases in the light. This fraction is very low in the tomato (40), except at certain pH values, and it is probable that these exceptions in the tomato are due to "combined" ammonium (40) nitrogen rather than to nitrogen in the amide form. Further evidence of this will be given in a later report. figure 4 show that on pH 6.0 and 7.4 sandy loam soils where ammonium nitrogen may be nitrified, the tomato absorbed rather large quantities of ammonium nitrogen, and that at these pH values the plants grew similarly to tomatoes in sand culture supplied with ammonium nitrogen at pH 7.5 to 8.5. It must be remembered that the soil cultures maintained a constant pH as compared with a variable one for most of the sand cultures. There was a greater percentage of protein at pH 4 than at 6 or 7.4, but soluble organic nitrogen increased as the pH increased. Amino nitrogen was low and amide nitrogen was high at pH 6, 2. The hydrogen-ion concentration of the nutrient medium directly or indirectly had a controlling influence on the assimilation, particularly of the ammonium ion. The nitrate ion was assimilated most satisfactorily in tomato and apple when absorbed from an acid nutrient solution of approximately pH 4.0. The ammonium ion was assimilated most satisfactorily when absorbed from a nutrient solution having a constant pH value of 5.0 to 6.5, varying somewhat for the variety. the plant). The ammonium ion was assimilated directly and as rapidly as it was absorbed, however, whereas the nitrate ion usually tended to accumulate, at least partly, because of limited reducase activity under certain external and internal conditions (11) . The ammonium ion was, therefore, more quickly available for the synthesis of amino acids. The ammonium ion did not accumulate in plant tissue unless the plant could not assimilate this form of nitrogen.
EFFECTS OF SOIL PH ON ASSIMILATION OF AMMONIUM AND NITRATE NITROGEN IN TOMATO Data in
5. The volume of growth obtained from nitrate and ammonium depended on the concentration of the nitrogenous salt in the nutrient solution and available carbohydrates.
6. There was a direct correlation between the concentration of nitrate nitrogen and the volume of growth produced if the plant was actively reducing nitrate. Plants required a much lower concentration of ammonium than nitrate nitrogen in the nutrient solution to produce an equal volume of growth.
7. Plants containing a large amount of available carbohydrates assimilated ammonium much more rapidly than those containing a comparatively small supply of available -carbohydrates. Tomato and apple grown with ammonium contained a much higher concentration of soluble organic nitrogen than those supplied with an equal quantity of nitrate. There was a direct correlation between the concentration of ammonium in the nutrient solution and the amount of soluble organic nitrogen elaborated by the tomato and apple.
8. Tomato and apple growing on soil containing ammonium and nitrate ions absorbed both ions. Whether they assimilated both ions depended partly on the pH of the soil. On acid soils having a pH of 4.0, plants tended to 
